In pancreatic β cells, ERK1 and ERK2 participate in nutrient sensing, and their activities rise and fall as a function of glucose concentration over the physiologic range. Glucose metabolism triggers calcium influx and release of calcium from intracellular stores to activate ERK1/2. Calcium influx also activates the calcium-dependent phosphatase calcineurin, which is required for maximal ERK1/2 activation by glucose. Calcineurin controls insulin gene expression by ERK1/2-dependent and -independent mechanisms. Here, we show that, in β cells, glucose activates the ERK1/2 cascade primarily through B-Raf. Glucose activation of B-Raf, like that of ERK1/2, is calcineurin-sensitive. Calcineurin binds to B-Raf in both unstimulated and stimulated cells. We show that B-Raf is a calcineurin substrate; among calcineurin target residues on B-Raf is T401, a site of negative feedback phosphorylation by ERK1/2. Blocking calcineurin activity in β cells prevents dephosphorylation of B-Raf T401 and decreases B-Raf and ERK1/2 activities. We conclude that the major calcineurin-dependent event in glucose sensing by ERK1/2 is the activation of B-Raf.
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diabetes | dimerization | scaffold I nsulin is essential for glucose homeostasis and is synthesized in and secreted from pancreatic β cells. Glucose, together with other nutrients, stimulates acute insulin release and is a long-term regulator of β-cell proliferation and survival (1, 2) ; glucose activates multiple signaling pathways, including calcium, calmodulindependent protein kinases, and the MAPKs ERK1/2. ERK1/2 assist in maintaining β-cell function in part by mediating nutrientinduced transcription of the insulin gene. ERK1/2 are regulated by insulin secretagogues, including glucose, other nutrients, glucagon-like peptide 1, and depolarizing stimuli (3, 4) . Their activation state in β cells reflects the need for insulin secretion imposed by stimuli to maintain euglycemia in the organism (5) .
In most settings, the three Raf protein kinases, A-Raf, B-Raf, and C-Raf (Raf-1), are the enzymes that activate the MAP/ERK kinases MEK1/2 upstream of ERK1/2 in the kinase cascade, with C-Raf being the first identified. Raf proteins respond to extracellular signals primarily transmitted from Ras family small G proteins to regulate MEK1/2 and ERK1/2 (6) (7) (8) . Disruption of B-Raf or C-Raf causes embryonic lethality in mice, whereas ARaf KO mice have intestinal and neurological defects of variable severity (9) (10) (11) . The oncogenic B-Raf mutant V600E was shown to activate the cascade through direct interaction with C-Raf (7, 12, 13) . The three Raf proteins are now known to associate as homodimers or heterodimers (6, 14, 15) . In one current model, B-Raf is viewed as the major pathway activator, whereas C-Raf and A-Raf fine tune the signal to impact intensity and/or duration of ERK1/2 activity (7, 16) . B-Raf/C-Raf heterodimers have higher activity than B-Raf or C-Raf homodimers and may produce distinct ERK1/2 activation kinetics (15) . In B-Raf/C-Raf complexes, C-Raf may phosphorylate MEK1/2 or simply act as a scaffold (7, 12) . Cooperation of B-Raf and C-Raf is required for ERK1/2 activation in several systems (17, 18) .
B-Raf requires the fewest activating phosphorylation events. Sites that must be phosphorylated on C-Raf are, instead, acidic residues on B-Raf (e.g., D447 and D448 in the key regulatory region). Furthermore, S445, equivalent to the essential activating site S338 in C-Raf, seems to be constitutively phosphorylated in BRaf (19) . B-Raf also has an N-terminal region preceding the Ras binding domain, which facilitates lipid-independent Ras binding and interactions with other proteins (20) . Although Ras-GTP alone may be sufficient to activate B-Raf, activation of C-Raf or A-Raf may require coordinate regulation by other factors (21) .
The calcium calmodulin-dependent phosphatase calcineurin has essential functions in β cells (22) (23) (24) . Because of their actions as immunosuppressants, the calcineurin inhibitors FK506 and cyclosporin A are used to decrease immune rejection of transplanted tissues (25) . These inhibitors reduce insulin gene transcription and may contribute to reduced function of transplanted islets (26) (27) (28) . Multiple actions of calcineurin are involved in β-cell function. Nuclear factor of activated T cells (NFAT), the best known calcineurin target, is a key factor mediating glucoseinduced insulin gene transcription (22, 23, 29) . Calcineurin is also required for activation of ERK1/2 by glucose and other insulin secretagogues in contrast with growth factors and insulin, which activate the kinases in a largely calcineurin-independent manner (30) .
To identify the calcineurin-dependent steps in the ERK1/2 cascade, we evaluated the effects of calcineurin inhibitors on the activities of upstream components. We find an essential role of calcineurin in glucose stimulation of B-Raf.
Results
Glucose Activates B-Raf in Pancreatic β Cells. Our previous work showed that expression of inhibitory mutants of Ras or Raf inhibited ERK1/2 activation by glucose in pancreatic β cells, consistent with the idea that Ras and Raf are required for glucoseinduced-ERK1/2 activation (30). To gain further evidence that glucose stimulates ERK1/2 through Ras, we assessed the amount of Ras-GTP in the mouse insulinoma cell line MIN6 in the absence or presence of 20 mM glucose using a tagged form of the N-terminal Ras binding domain of B-Raf (RBD) to selectively capture the GTP-bound form of Ras. Increased Ras-GTP was detected by 5 min of exposure to glucose (Fig. 1A) . Other small G proteins were not detected, although this cannot be taken as proof that Rap1 or others are not also involved in the glucose response (31) .
There are conflicting reports about the involvement of Raf proteins in β cells (32, 33) . Using immune complex kinase assays, we found that B-Raf activity was quickly enhanced by glucose (Fig.  1B) . In contrast, C-Raf activity was too low to detect in control or glucose-treated cells (SI Appendix, Fig. S1A ). To show that the assay could detect C-Raf activity, we showed that C-Raf activity was stimulated by phorbol ester in HeLa cells (SI Appendix, Fig. S1B ). In addition, glucose stimulation did not alter the level of C-Raf S338 phosphorylation but did cause a slight increase in phosphorylation of B-Raf S445 (SI Appendix, Fig. S1C ).
To confirm these findings, we knocked down B-Raf or C-Raf expression using siRNA oligonucleotides. Reduced B-Raf expression decreased glucose-induced ERK1/2 activity after short times of glucose exposure (Fig. 1C) . In contrast, suppression of C-Raf initially caused higher ERK1/2 activity but lower activity after prolonged stimulation (Fig. 1C and SI Appendix, Fig. S1D ). Sorafenib, a Raf inhibitor (34) , blocked B-Raf and ERK1/2 activities (Fig. 1D) . Calcineurin inhibitors reduced glucose-stimulated B-Raf activity from 4.5 ± 1.3-fold over control to only 1.7 ± 0.2-fold over control (P < 0.03; n = 3) but had no effect on B-Raf activation by EGF or phorbol ester in nutrient-deprived cells ( Fig. 1E and SI Appendix, Fig. S1E ). Because the B-Raf and C-Raf knockdowns caused opposite phenotypes, the same siRNAs were used to knockdown B-Raf and C-Raf in a mouse fibroblast cell line (9) . EGF-induced ERK1/2 activity was reduced by both C-Raf and B-Raf siRNA (SI Appendix, Fig. S1F ), showing the expected effects. We conclude that B-Raf is essential for ERK1/2 activation in β cells, but the effects of C-Raf are less clear. To determine if glucose affects B-Raf/C-Raf association, endogenous C-Raf and B-Raf were immunoprecipitated with isoformselective antibodies, and coprecipitating proteins were detected by immunoblotting. Despite undetectable glucose-induced C-Raf activation, glucose did increase B-Raf/C-Raf heterodimers ( Fig.  2A) . We transiently expressed Myc-C-Raf and found that glucose enhanced B-Raf/Myc-C-Raf association (SI Appendix, Fig. S2A ). The temporal changes suggest that B-Raf/C-Raf interaction is related to B-Raf activation.
B-Raf/C-Raf association triggered by glucose and NaCl was effectively suppressed by calcineurin inhibitors ( B-Raf Is Constitutively Bound to Calcineurin. Because calcineurin contributes to B-Raf activity and B-Raf/C-Raf oligomerization, we asked if Raf proteins bind stably to calcineurin in β cells. B-Raf interacted with calcineurin, even in the absence of glucose (Fig. 3A) . When expressed in 293 cells, calcineurin coprecipitated with both Raf isoforms (Fig. 3B) . The inactive calcineurin mutant, which lacks the autoinhibitory and calmodulin binding regions, also binds B-Raf (SI Appendix, Fig. S3 ). This suggests that the interaction with B-Raf is independent of calmodulin binding and calcium signals.
To find the region of B-Raf that binds calcineurin, we examined the interactions of B-Raf truncations with calcineurin. B-Raf contains a Ras binding domain, cysteine-rich domain, kinase domain, and a middle region (280-457), which is less conserved with A-and C-Raf. This region affects Raf activity and localization through multiple phosphorylation sites and other binding proteins, such as 14-3-3 (36). We found that calcineurin bound most strongly to B-Raf residues 401-776 and 1-440 and less well to residues 441-776 and 1-280 (Fig. 3C) . Thus, calcineurin preferentially interacts with sequences between B-Raf residues 280 and 440.
Calcineurin Is Required for B-Raf Activation in a Heterologous System.
We assessed the impact of calcineurin on ERK1/2 and B-Raf activity in 293 cells. Consistent with previous findings, pERK1/2 was elevated in cells transfected with B-Raf but not C-Raf (Fig.  3D) . Expression of calcineurin increased B-Raf activity 2.1 ± 0.36-fold, whereas inactive calcineurin decreased B-Raf activity to about 40% of control (0.41 ± 0.21-fold; n = 3) (Fig. 3E) . BRaf activity was also regulated by ERK1/2-mediated feedback, because the MEK inhibitor U0126 enhanced B-Raf activity in the absence of calcineurin. U0126 rescued the suppression of B-Raf activity by inactive calcineurin in 293 cells, with activity returning to 1.05 ± 0.13-fold of control. This supports the contention that calcineurin promotes B-Raf activation at least in part by antagonizing ERK1/2-mediated feedback inhibition.
B-Raf pT401 Is Phosphorylated by ERK2 and Dephosphorylated by
Calcineurin. Because calcineurin binds to B-Raf, we asked if B-Raf itself is dephosphorylated by calcineurin in vitro. ERK1/2 often cause negative feedback phosphorylation upstream in the pathway. Inhibition of ERK1/2 can enhance Raf activity (37) (Fig. 3E ) (compare lane 2 with 5 and lane 4 with 6). ERK1/2-mediated feedback phosphorylation on S151, T401, S750, and T753 of B-Raf effectively disrupts B-Raf/active Ras interaction and B-Raf/C-Raf heterodimerization (38) . Based on these published data, we considered the possibility that ERK phosphorylation sites on B-Raf can be dephosphorylated by calcineurin.
Because the calcineurin binding sequence seems to be in the serine/threonine-rich region (280-440) of B-Raf, we focused on this region and expressed GST-B-Raf 1-440 for in vitro assays. GST-B-Raf 1-440 was phosphorylated by active ERK1 in vitro ( Fig. 4A and SI Appendix, Fig. S4 ), and calcineurin reduced its phosphorylation. Antiphospho-specific T401 antibodies recognized B-Raf 1-440 phosphorylated by ERK1 in vitro but no longer recognized B-Raf 1-440 T401A (Fig. 4B) . We reasoned that B-Raf T401A would be resistant to inhibition by inactive calcineurin and found that it had higher basal activity. The serumstimulated activity of B-Raf T401A was also unaltered by inactive calcineurin, unlike that of WT B-Raf (Fig. 4C) . Therefore, calcineurin positively regulates B-Raf activity at least in part by dephosphorylating B-Raf pT401. Because phosphorylation by ERK1/2 disrupts B-Raf/C-Raf dimerization (38), we tested and confirmed that B-Raf T401A bound better to C-Raf than did WT B-Raf, although B-Raf T401A had similar extents of S365 and S445 phosphorylation (Fig. 4B) . These findings support the idea that B-Raf pT401 is linked to calcineurin-dependent effects on Raf dimerization. To verify that pT401 on B-Raf is one of the targets of calcineurin in cells, we examined changes in pT401 caused by inactive calcineurin. Phosphorylation of T401 was enhanced by expression of inactive calcineurin compared with the control (Fig. 4D) . U0126 reduced T401 phosphorylation, but cells transfected with inactive calcineurin showed no reduction or even higher pT401. These data support the notion that ERK1/2 phosphorylates B-Raf on T401 and that calcineurin participates in pT401 dephosphorylation.
Dephosphorylation of B-Raf pT401 by Calcineurin Promotes B-Raf
Activation in β Cells. Both glucose and the calcineurin inhibitor FK506 increased phosphorylation of B-Raf T401 (Fig. 5A) , consistent with the conclusion that T401 is a site of glucose-stimulated phosphorylation that is dephosphorylated by calcineurin. To suggest that phosphorylation of T401 on B-Raf inhibits its activity in β cells, we expressed B-Raf T401A in MIN6 cells and found that it had 2.1-fold higher basal activity than WT B-Raf (Fig. 5B) . Furthermore, glucose-induced B-Raf T401A activity was not impaired by FK506 (4.1 ± 0.6-fold over control with FK506 compared with 4.6 ± 0.51-fold without FK506) in contrast with that of WT B-Raf.
We tested other Raf phosphorylation sites to determine if they are regulated by glucose and calcineurin in β cells. S365 on B-Raf is a negative regulatory site for 14-3-3 docking comparable with S259 on C-Raf (39). Glucose caused small increases in pS259 and pS365 (Fig. 5A ), but FK506 had no detectable effect on either. pS338 on C-Raf and pS445 on B-Raf are prerequisites for activation of each Raf isoform. FK506 decreased pS338 on C-Raf and slightly reduced pS445 on B-Raf (SI Appendix, Fig. S5 A and  B) . Impaired B-Raf or C-Raf activation may also be involved in calcineurin action, although no effect of glucose on their regulation was noted. Thus, T401 seems to be a major site regulated by both calcineurin and glucose that impacts B-Raf activity. Finally, we found that blocking ERK1/2 activation with U0126 reduced B-Raf pT401 (Fig. 5C) , supporting the conclusion that ERK1/2 phosphorylates B-Raf on T401 in response to glucose. We then determined if blocking ERK1/2 activation with U0126 prevented down-regulation of B-Raf activity by FK506. As before, FK506 reduced glucose-stimulated B-Raf activity, whereas cells pretreated with both FK506 and U0126 showed 2.6 ± 0.3-fold higher B-Raf activity than cells treated with FK506 alone (Fig. 5D) . These data support the conclusion that calcineurin positively regulates B-Raf activity by reversing ERK1/2-mediated negative feedback phosphorylation of T401.
Discussion
In β cells, insulin secretion is tightly coupled to nutrients, hormones, and paracrine signals that detect nutrient load. Calcium signaling, a key link, is triggered by glucose metabolism and activates both the ERK1/2 cascade and calcineurin. The use of calcineurin inhibitors as immunosuppressants is associated with a high risk of type 2 diabetes, showing the importance of calcineurin signaling in β cells (24) . ERK1/2 activity rises and falls in response to changes in glucose concentration. We find that B-Raf is the primary kinase responsible for the rapid ERK1/2 response to glucose in β cells and is the major calcineurin target in the pathway. Thus, impaired B-Raf and ERK1/2 activity will result from calcineurin inhibitor-mediated immunosuppression. The phosphatase phosphoprotein phosphatase (PP)2A up-regulates Raf activity and assembles C-Raf/kinase suppressor of Ras 1 (KSR1) complexes in response to growth factors (8, 40) . PP2A promotes Raf activation by dephosphorylating inhibitory sites, BRaf pS365, or C-Raf pS259. In contrast to calcineurin, the PP2A/ PP1 inhibitor okadaic acid did not inhibit glucose regulation of ERK1/2 in β cells (SI Appendix, Fig. S5C ), consistent with the specificity of calcineurin action in this system.
Because loss of C-Raf enhances rather than impairs short-term increases in ERK1/2 activation, accounting for the contributions of C-Raf to normal glucose regulation is not simple. Controversies exist concerning the detailed molecular events regulating Raf isoforms (7, 12, 13, 41) . B-Raf can activate C-Raf by forming BRaf/C-Raf heterodimers. The interface on heterodimers is required for triggering Raf activation (12) . Thus, activation of one Raf molecule may promote activation of the other molecule in the dimer. At the same time, differential sensitivity to activation may cause one Raf isoform to impair activation of another isoform in a dimer. Our data suggest that B-Raf/C-Raf dimerization may not always increase activation of ERK1/2, because C-Raf knockdown in β cells enhances activation of B-Raf and ERK1/2 within the first few minutes of exposure to glucose. In the short term, B-Raf seems more readily activated than C-Raf, and C-Raf may restrain activation of B-Raf in heterodimers. With longer stimulation, CRaf may be activated to further enhance pathway activity. KSR2 is expressed in β cells and has been implicated in regulating calciumdependent signaling to ERK1/2 (42) . Initial analysis of KSR2 suggests a complex role in glucose signaling, in some respects similar to C-Raf. Knockdown experiments suggested both positive and negative effects on ERK1/2 activity that remain to be fully explained.
Raf isoforms are phosphorylated to integrate signals from other pathways. Inhibitory events may be more prevalent than activating ones. Inhibitory phosphorylations have been attributed to cAMP-dependent protein kinase, for example, as well as ERK1/2 (38, 40, 43, 44) . B-Raf activity may also be affected by glycogen synthase kinase 3 (GSK3) in view of the frequent interactions between ERK1/2 and GSK3 pathways (45) and the fact that GSK3 has a related substrate specificity. Preliminary experiments suggested that inhibition of GSK3 partially reduced B-Raf T401 phosphorylation. GSK3 may contribute to the basal phosphorylation of this site in nutrient-deficient conditions, or it may have more marked effects on feedback sites identified other than T401. Some of these sites may also be targeted by calcineurin.
We conclude that calcineurin participates in the regulation of the Raf/ERK1/2 cascade through reversing negative feedback regulation of B-Raf. Calcineurin antagonizes ERK1/2-mediated feedback phosphorylation on B-Raf, thereby promoting B-Raf activation and B-Raf/C-Raf heterodimerization. Cross-talk between the Raf/ERK1/2 cascade and calcineurin facilitates maximal activation of ERK1/2 in a manner that is highly sensitive to factors that transmit the demand for insulin secretion to β cells.
Materials and Methods
Cell Culture and Reagents. The β-cell line MIN6 was maintained as described (23) . Before stimulation, β cells were incubated for 2 h in Krebs-Ringer-bicarbonate-Hepes (KRBH) buffer. HEK293T cells and C3H10T1/2 were maintained in RPMI medium 1640 with 10% FBS. Chemicals and antibodies were as described: FK506, FK520, rapamycin, and Sorafenib were from LC laboratories, cyclosporin A (CSA) was from Biomol, U0126 was from Promega, SB216763 was from Sigma-Aldrich, anti-B-Raf(F-7) and anti-C-Raf (E-10) were from Santa Cruz, anti-pS445 B-Raf (#2696) was from Cell Signaling Technology, anti-pS338 C-Raf was from Millipore, anticalcineurin (polyclonal) was from Calbiochem, anti-pT401 B-Raf and anti-p259 C-Raf were from Abgent, and antiphosphorylated ERK1/2 (pERK1/2) and anti-Flag (monoclonal) were from Sigma-Aldrich. Anti-ERK1/2 is Y691 (4). ) in 100-mm dishes were harvested at 4°C with 0.65 mL cold lysis buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EGTA, 1.5 mM MgCl 2 , 50 mM β-glycerophosphate, 10% glycerol, 0.2 mg/mL PMSF, 0.1 mM NaF, 2 mM Na 3 VO 4 , 10 μg/mL aprotinin, 5 μg/mL pepstatin A, 5 μg/mL leupeptin), homogenized through a 23-gauge needle, and centrifuged for 10 min at 12,000 × g in a microcentrifuge. Protein concentrations were measured using the BioRad Bradford reagent. Immunoprecipitations were from 0.5-mg lysates incubated with 3-4 μg of indicated antibodies overnight. Immune complexes were then incubated with 50 μL protein-A-Sepharose beads for 4 h. Beads were washed three times with lysis buffer for 5 min before adding 5× electrophoresis sample buffer. Samples were boiled and resolved on 10% acrylamide gels in SDS and transferred to membranes. Immunoblots were developed with ECL reagent.
Constructs and
Kinase Assays. B-Raf and C-Raf were assayed in 30-μL reactions containing 10 mM Hepes, pH 7.5, 10 mM MgCl 2 , 1 mM benzamidine, 1 mM DTT, 5 μM ATP (15 cpm/fmol [γ-32 P] ATP), and 2 μg GST-MEK1 K97M. A similar protocol was also used to phosphorylate B-Raf fragments with active ERK1. Reactions were incubated at 30°C for 25-40 min, terminated with 5× sample buffer, and analyzed on gels as above. Gels were stained with Coomassie blue before autoradiography.
Ras Assays. Ras activity was measured using a GST fusion protein containing the B-Raf RBD domain. GST-B-Raf 1-280 was expressed in E. coli and purified on glutathione-Sepharose beads. Cells in 100-mm dishes were lysed in 0.6 mL cold cell lysis buffer containing 1% Nonidet P-40. Cleared extracts were incubated with 30 μg GST-B-Raf 1-280 precoupled to GST beads at 4°C for 4 h to capture Ras-GTP. After washing two times with cold lysis buffer, precipitates were resolved on gels as above and analyzed by immunoblotting with antipan-Ras antibodies.
siRNA Knockdown. siRNA oligonucleotides targeting endogenous mouse BRaf and C-Raf were purchased from Ambion. Control oligonucleotides were purchased from Dharmacon. siRNA oligonucleotides were as follows: C-Raf (siRNA ID: s99723)-sense: CACGAUUCUUCUAAGACAtt, antisense: UGUCUUAGAAGAAUCCGUGag and B-Raf (siRNA ID: s99634)-sense: CCACAGAUGCAUCACGGAAtt, antisense: UUCCGUGAUGCAUCUGUGGga. siRNA oligonucleotides were transfected into cells with Lipofectine maxi (Invitrogen).
Statistical Analyses. Results are expressed as means ± SEM determined from three or more experiments, unless otherwise stated. Statistical significance was calculated by a one-tailed unpaired Student t test.
Dephosphorylation Assays. After phosphorylation with ERK1, GST-B-Raf 1-440 proteins were repurified on GST beads and incubated with or without calcineurin (R&D Systems) at 37°C for 1 h in 1 μM calmodulin, 50 mM Hepes, pH 7.5, 1 mM CaCl 2 , 5 mM MgCl 2 , 1 mM DTT, and 1 mg/mL BSA. After washing two times with cold PBS, proteins were analyzed as for kinase assays or by immunoblotting. 
